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SUMMARY

Fretting is awear phenomenon that occurs between two mating surfaces. It is adhesivein
nature, and vibration isits essential causative factor. Frequently fretting is accompanied by
corrosion. In general, fretting occurs between two tight fitting surfaces that are subjected to a
cyclic, relative motion of extremely small amplitude. Fretted regions are highly sensitive to
fatigue cracking. Under fretting conditions fatigue cracks are nucleated at very low |oads.
Nucleation of fatigue cracks in fretted regions depends mainly on the state of stress on the
surface and particularly on the stresses superimposed on the cyclic stress. The time to
nucleation of cracks can be significantly reduced as aresult of fretting. Common sites for
fretting are in joints that are bolted, keyed, pinned, press fitted, and riveted. These sites are
common in the assembly of most air vehicles, ground vehicles, power plants, equipment, and
machinery. All applications that have safety issues, maintenance issues, and service life
requirements will benefit from quantitative methods that provide the impact of fretting on the
component’s service.

The following objectives of this Phase | SBIR project were accomplished:

1) An extensive literature search was conducted to investigate past and current methods,
data, approaches, and experience for modeling fretting influences on mechanical
fatigue in structure,

2) The two candidate fretting fatigue analytical approaches were identified,

3) One fretting fatigue predictive analytic model was integrated into an existing
structural integrity framework to demonstrate feasibility of our approach,

4) An experimental test plan to implement and verify the analytical fretting models was
developed,

5) An implementation and integration program that results in a viable commercialization
strategy was prepared and described.

Research and devel opment efforts in Phase | indicated that the enabling technologies are
mature enough to allow introduction of fretting fatigue into alife predicti on methodol ogy;
analytical predictive models have been devel oped and validated against simple coupon data.
NDT techniques, though based on relatively new technologies, are mature enough to provide
some indications of fretting and fretting damage. The Phase | effort has shown the feasibility
of incorporating these technologies, although there is more research needed to ensure the
models become robust.



1.0INTRODUCTION
1.1 Background

Condition-based maintenance (CBM) is maintenance action based on the actual condition
obtained from in-situ, norrinvasive tests, operating and condition measurements (1). CBM
has the potential to improve safety and readiness, and reduce by 30% operation & support
costs, which accounts for about 65% of total life-cycle costs by (1):

assuring optimum efficiency,

minimizing failures; threats to safety, direct and collateral damage to equipment,

safely reducing or eliminating Planned Maintenance,

identifying chronic defects, individual and class,

providing guidelines for new equipment purchase,

effectively prioritizing decreasing resources

Reliable CBM requires arobust method or tool to assess the severity of damage that is
detected and estimate how fast it will grow in order to plan for maintenance; that is, an
analytical model that integrates all damage mechanisms such as corrosion, fatigue and
fretting. Corrosion and fatigue have aready been incorporated into and demonstrated with an
existing life prediction framework (the Holistic Life Prediction Methodology—HL PM—
described in the next Section); the HLPM has thus far seems to be aviable life prediction
approach, incorporating time and cycle dependence. In addition, the HLPM has the flexibility
to integrate damage models that account for fretting and fretting fatigue effects.

What is fretting? Fretting is a wear phenomenon that occurs between two mating surfaces: it
isadhesivein nature, and vibration isits essential causative factor. Frequently fretting is
accompanied by corrosion. In general, fretting occurs between two tight fitting surfaces that
are subjected to acyclic, relative motion of extremely small amplitude. Fretted regions are
highly sensitive to fatigue cracking. Under fretting conditions fatigue cracks can nucleate in
even at stresses in the fretted structure that are lower than the endurance limit, often resulting
in structural failure that occurs at many more cycles than anticipated. Nucleation of fatigue
cracksin fretted regions depends mainly on the state of stress on the surface and particularly
on the stresses superimposed on the cyclic stress. The time to nucleation of cracks can be
significantly reduced as aresult of fretting. Common sites for fretting are in joints that are
bolted, keyed, pinned, pressfitted, and riveted. These sites are common in the assembly of
most air vehicles, ground vehicles, power plants, equipment, and machinery.

Fretting damage is differentiated by three distinct modes: fretting wear, fretting fatigue, and
gross siding wear. Fretting wear, which occurs for relatively small vibratory motion,
normally resultsin relatively little damage and rarely causes premature structural failure.
Gross diding wear, which occurs for relatively large vibratory motion, normally resultsin
visual surface damage, but rarely causes premature structural failure. Fretting fatigue, caused
by intermediate vibratory motion, is the most damaging, causes cracking and often results in
premature structural failure. This Phase | SBIR project focused primarily on the structural
damage associated with this last mode, that is, fretting fatigue. The HLPM framework was
used as the framework for integrating fretting fatigue models. The primary goa of Phase |



was to determine how analytical models for fretting fatigue life prediction can be
incorporated into a fracture mechanics-based crack growth code. An added bonusis that
APES has been developing corrosion fatigue analysis capability in the HLPM framework, so
this effort also investigated the integration of fretting, corrosion and fatigue into asingle
structural analysistool.

1.2 Halistic Life Prediction Methodology (HL PM)

Though it iswell known that corrosion and other age-degradation effects have detrimental
influences on the cyclic behavior of aircraft structures, the role and contribution of fretting is
not accounted for and not widely recognized. As noted by the definition of fretting in the
Metals Handbook (2), the principal causation of fretting is stress cycles, with corrosion
providing an environment catalyst. Recent advances in life prediction methods have evolved
that include the effects of operational cycles and time dependent degradation, e.g., corrosion,
in life assessment tools. USAF Aircraft Structural Integrity Programs (ASIP) are presently
implementing practices that account for these effects, but so far do not include the specific
damage contributions from fretting. As previously described by Brooks and Simpson (58),
technologies will alow incorporation of corrosion and age-degradation effects, which may
include fretting if the geometry of the fretting pad and the fretted structure evolve in time,
into a systematic damage tolerance (DT) approach are sufficiently mature that their
integration into the current ASIP framework isfeasible. The framework is readily adaptable
to multiple flight vehicles systems, rail, automotive, and mechanical equipment systems. The
life prediction methodology was enhanced in part under Contracts F09603-95-D-0053 and
F09603-97-D-0550, sponsored by the USAF Corrosion Program office at Warner-Robins
AFB, GA. The ability of the methodology to predict unanticipated field aircraft cracking
problems indicates that the techniques (advanced finite element methods with reliable stress
intensity factor calculations (24), improved analytical modes that allow inclusion of time
domain effects such as pillowing by corrosion by productsin lap joints (72), models that use
local stress amplifications due to pitting (24) and an analytical framework that is based upon
simulation of a structure from the as-manufactured state utilizing damage growth
fundamentals (72), for instance) support engineering tools that are in development, allowing
the analyst to possess the capability to quantify the effects of age degradation on the
structural service life of aircraft structure (73). This has been demonstrated by the correlation
of the predicted lives with the measured fatigue lives of controlled corrosion-fatigue
experiments completed by the University of Utah and NRC-Canadain the Corrosion
Program office funded research (73) The framework and computational techniques of these
models can readily incorporate the damage effects of fretting.

A description of the basic model framework is documented in areport by Brooks, et.al. (59).
APES are the principal developers of the predictive framework and the associated computer
code, ECLIPSE® (Environmental Cyclic Life Interaction Prediction SoftwarE). This
structural life prediction framework extends concepts of damage accumulation from
operational stress excursions of the aircraft to include damage accumulation from elapsed
time on the ground and the exposure to differing environments. The model has the flexibility
to represent material behavior and include variations in material susceptibility to different
environmentally assisted mechanismsin the “crack growth rate domain” during operation.



Also, the model when accounting for age degradation includes material behavior differences
and susceptibilities that represent corrosion degradation and corrosion rates with stress
assisted mechanismsin the “time domain”. Similarly, the inclusion of fretting damage
mechanisms requires understanding the physical conditions and effects in both domains that
are associated with the fretting phenomena.

Combining the cyclic and time domains results in a method that can compute the full service
life capability, i.e., “the holistic life” that includes all damage- generating processes of
structures and systems. The holistic approach requires a method that provides a description of
the as-produced, or as-manufactured, condition of the structure to establish the initial analysis
condition. Theinitial analysis condition that describes the physical characteristics and
numerical boundary use a concept referred to as the “Initial Discontinuity State” (IDS,
sometimes called the “Initial Quality State” (1QS)) concept (60). For analyses that include the
age degradation effects, the early stages of cracking become very important. Fretting plays a
significant role in these early stages. Selection of flaw shapes and modes of cracking are
input parameters used to formulate the type of corrosion degradation to be included in the
analysis and the calibration of the IDS concept, which includes the use of ‘physical’ material
features, i.e., intrinsic discontinuities such as cracked particles that have size and shape.
These features become input parameters that form the starting discontinuity size to be
extended by damaging mechanisms, in this case fretting. A holistic approach also accounts
for both internal and externally induced states of stress ranging from the micro scale to the
macro scale and on to global far-field stresses. All flaw size regimes, especially the short
cracks, must be considered. Stress influences on the life prediction for the cyclic portion of
the analysis consider the stress excursions from operational flight and ground handling
loading. To include age degradation effects into the predictive model, factoring of the
incremental effects of time-dependent corrosion degradation mechanisms over into the cyclic
regimeis required. These degradation effects include all levels of scale in the fracture model,
levels that had been neglected when using traditional damage tolerance approaches, Figure 1.

The resulting predictions from the model attempt to compute the quasi-stochastic structural
lives that can occur in a component, depending upon the conditions that exist and potential
conditions that will be induced due to operational usage and maintenance. The predictions
provide intermediate val ues throughout the entire crack size regime. The holistic process
Stage progression is schematically shown on Figure 2.

Current damage tolerance procedures tend to focus on the center two ranges (Stage 11 and
[11), whereas the holistic concept attempts to account for and compute age degradation with
cyclic stress effectsin al four stages. This allows analysts to account for the critical stages
when and where they are important, rather than forcing potentially conservative procedures
at al locations. The effects of fretting appear to be most important in Stage |, therefore a
considerable portion of the experimental test matrix described below will address fretting in
the early stages of structura life.
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20PHASE | TASKS
This section describes our Phase | accomplishments. Phase | had the following objectives:

1. Identify state-of-the-art models for fretting fatigue life prediction that can be integrated
with existing crack growth analysis methods;

2. Determine how to integrate fretting fatigue model(s) into crack growth analysis methods;

3. Establish an experimental program to develop the data necessary to implement and verify
the fretting fatigue model(s).

2.1 Task |: Research Current Approaches

A literature review was the foundation of the analytical model development in Phase | of
this SBIR project, with an emphasis on research conducted within the last 35 years.
Experimental results and data, when available, along with the lessons |earned, were
evaluated for application. Fretting fatigue models developed in the past and currently in
use (when published in the open literature) were scrutinized in order to avoid potential
pitfalls and shortcomings of these models. Two high potential fretting fatigue modeling
approaches were identified for incorporation into a holistic life prediction framework.

2.1.1 Early Experimental and Analytical Research

Fretting fatigue was first identified in 1910 and a great deal of progress has been made since
that time in dealing with the complex phenomenon. Key references (3-8) discuss aspects of
fretting fatigue that are relevant to these efforts.

Early efforts to assist the engineering community with robust analytical approaches were
largely fruitless. However, during the 1950s two major approaches to dealing with fretting
fatigue evolved (9-11): (1) afretting fatigue life reduction factor and (2) testing components
that represent actual joints to include the fretting fatigue phenomenon when dealing with the
probable occurrence of fretting fatigue in use of components. Boeing uses a similar approach
today in developing fatigue allowables and in the concept of the Detailed Fatigue Rating
(DFR).

Numerous investigations in fretting fatigue continued during the 1960s. In 1968-69 Nishioka,
et a. (12-17) introduced a quantitative approach to estimate the fretting fatigue alowable
from stress and displacement approaches. Endo, Goto, and Nakamura in 1969 (18) studied
the effect of environment on fretting followed by research into the interaction of fretting and
corrosion. During the 1970’ s an understanding of the damage that resulted during the fretting
fatigue process emerged. At the first International Symposium on Corrosion Fatigue held in
1971 both Waterhouse and Hoeppner (19-20) presented the concept of the fretting fatigue
damage threshold. As well, Japanese researchers were beginning to apply fracture mechanics
concepts to fretting fatigue life prediction.

The research of Endo and Goto (21) isimportant because they applied the concepts of
fracture mechanics to fretting fatigue (See also 22). They may have been the first to formally
do so but others were active at the time as noted. An early application of fracture mechanics
to fretting fatigue was documented by Edwards at RAE (23), who observed that fretting
crack nucleation life was approximately 25% of total coupon life and that the influence of



alternating stress did not completely explain the behavior of the fretted coupons. Edwards
concluded that influences of frictional and normal contact tractions were dominant in fretting
crack nucleation phase.

By 1981 Hoeppner had developed a holistic life prediction concept for pitting corrosion and
fretting fatigue (25). The basic elements of the model are shown in Figure 3. Looking at the
Figure 3 beginning at the left, one notes that if a pair of surfaces are in relative contact in
some environment, under contact pressure and undergoing “small” relative displacement they
will likely fret and create fretting damage. The first stages of damage are not necessarily
cracking. After time, if the conditions to produce fretting fatigue exist, the damage will
evolve. Eventually microscopic cracks form and may grow. Initialy these cracks may be
influenced by the contact force and friction, as concluded by Edwards (23). Also, theteam
headed by L. Vincent at University of Lyon in France has made extensive progress in
assisting the understanding of the transition from initial fretting fatigue damage to
propagating crack (26-35). However, none of the effort to date has yielded a functional
relationship that allows a determination of the time/cycles for evolution of the initial damage
state to a cracked state. This need for a functional relationship was one of the driversin the
development of the test matrix described in this report.

FATIGUE LIFE ESTIMATION FOR FRETTING FATIGUE
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Figure 3 Fretting Fatigue M ethodol ogy.



2.1.2 Recently Developed Analytical Approaches

From 1980 to present, T. Hattori at Hitachi has applied the concepts of fracture mechanics to
fretting life prediction extensively (36). Dr. Hattori and colleagues have studied fretting
fatigue through use of both analytical and experimental methods (36-49), and have aso
devel oped design improvements meant to mitigate fretting influences (49).

In 1998, a group at the Massachusetts Ingtitute of Technology (MIT) developed a‘ Crack
Anaogue’ approach to analyze fretting fatigue cracking under aflat rigid punch (50). The
approach derives its methodology from the recognition that stresses at the corner of aflat
punch are similar to stresses near the tips of edge cracksin infinite flat plates. Further, this
model was extended in 2001 to the case of flat punch with rounded corners (51). This model
will be described in more detail later in this report.

2.1.3 Non-destructive Testing (NDT)

Efforts to detect and quantify fretting with NDI techniques have been limited. The University
of Dayton Center for Materials Diagnostics (52-55) has been studying fretting fatigue in
aerospace engine aloys, specificaly Ti-6Al-4V. Optical and acoustic microscopy based
methods were used to characterize fretted surfaces. These methods require that the fretted
surface be visible. Unfretted and fretted surfaces were examined with the white light
interference microscopy (WLIM), which measured the surface roughness and asperity
spacing and from these calculated the Power Spectral Densities (PSD) of the surface profiles.
The PSDs were the metrics for comparing surfaces. A strong correlation existed in their
measurements between the behavior of the PSD in full dlip, partial dlip, and stick regions,
particularly when the PSDs of the fretted surfaces were normalized to the PSD of the
original, unfretted surfaces. Though the WLIM method is a powerful technique for
measuring PSDs of rough surfaces, it is not the only approach that will yield PSDs—PSDs
can also be extracted from surface measurements made with x-ray and high resolution laser
profilometry. While the results of this work were generally successful, it is not apparent how
these methods could be applied to hidden surfaces.

Thermography has also been used on exposed fretted surfaces to attempt to measure fretting
damage (56). Also, remote field eddy current has been used to measure material lost to
fretting in a condenser tube-support plate structure, in alaboratory setting (57). No literature
was found specifically concerning NDT for fretting on hidden surfaces, such as on the bore
of fastener holes. There are NDT techniques that are promising for detection of fretting in
fastener holes in controlled test situations. Acoustic emission (AE) technigues have been
devel oped to distinguish between fretting and crack growth, and therefore AE may be useful
in acontrolled situation. Sonically-excited thermography may also be able to distinguish
between fastener holes with and without fretting, by exciting further fretting and measuring
the localized heating.

Thetransformation of the NDI fretting metrics to inputs of the life prediction methods
presents unique challenges and significant hurdles that must be overcomein order to
apply these methods to aircraft structure, whose fretted surfaces are most often not
exposed but are hidden. Consideration and evaluation of NDI techniques need to be
concurrent with predictive technology development.



2.1.4 Fretting Maps

Significant progress characterizing fretting damage has been made by the University of Lyon
group headed by L. Vincent. Building on Vingsbo and Soderberg’ s work in a technique
called ‘fretting maps' (61), they have successfully been able to distinguish ‘fretting damage
modes' that are useful for identifying types of damage that may or may not occur in afretting
situation (27-35) by using measuring certain experimental parameters and constructing two
‘maps’, running condition fretting maps (RCFM) and material response fretting maps
(MRFM), that are well correlated with surface and fretting cracking damage. These maps
show that fretting damage can be separated into 3 ‘fretting modes’, depicted on plots of shear
stress against nominal displacement amplitude in Figure 4. The first mode, called ‘ stick
mode’ (Figure 4a), occursin situations in which there is very little relative displacement (10
nm or less) between the fretting pad and the specimen, and is the least damaging. Generally
very little damage to the integrity of the surfaces will be observed, and cracking due to
fretting is never seen. The fretting pad and specimen are ‘sticking’ together and deforming
elastically, so that very little plastic, permanent damage is done. The third fretting mode,
‘gross slip mode’ or ‘dliding wear mode’ (Figure 4c), is characterized by very large relative
displacements (100 nm or more) between the fretting pad and the specimen. Any damage to
fretted surfacesis usually confined to wear volume lost, and usually very little *fretting
induced cracking’ is observed. The second fretting mode, the * stick-slip mode’ (Figure 4b),
occurs when there is still small (approximately 20 nm to 70 nm) rel ative displacement
between fretting pad and specimen, but is by far the most damaging of the three fretting
modes. This method of plotting measured data is extremely useful as these maps allow one to
discern fretting modes as the test is being conducted.

In addition to measurement of the shear stress and displacements, test coupon surfaces are
examined under microscope and the surface damage characterized for non-degradation,
cracking and particle detachment. The stress-displacement measurements and the surface
damage characterization can used to construct two ‘fretting maps', both plotted on a normal
contact load—nominal displacement graph. The first map, called the running condition
fretting map (RCFM), uses the character of the shear-displacement hysteresis |oops such as
those in Figure 4 to distinguish the three fretting modes by correlating surface damage with
slip-stick regions, Figure 5. Three distinct dlip or stick regimes are distinguishable in Figure
5—aso-called ‘sticking regime’ or ‘stick mode’ (typically distinguished by no hysteresis
loops), a‘mixed regime’, or ‘stick-slip mode’ (typically distinguished by medium-sized
hysteresis |oops), and a‘gross slip regime or ‘ gross slip mode' (typically distinguished by
relatively large hysteresis loops). The mixed regime, it has been observed by Vincent (35)
leads most often to fretting crack nucleation (or ‘initiation’). The second map, called the
material response fretting map (MRFM), Figure 6, uses measurements of surface degradation
in the fretting pad and the specimen to separate non-degradation, cracking and particle
detachment regimes, and is depicted on a graph that plots normal load against the relative dlip
of the fretting pad with respect to the fatigue specimen or coupon.



(a) (b) (c)

Figure 4 Shear and Displacements M easur ements Allow Separ ation of Fretting M odes.
Stick Mode Characterized by Elastic Deformations, Little Plastic Strain or Hysteresis.
Stick-Slip Mode Characterized by Some Hysteresis. Full or Gross Slip Char acterized by
Large Hysteresis L oops. Vingsbo (61).
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Figure 5 Running Condition Fretting Map (RCFM). Vincent (35).
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Figure 6 Material Response Fretting Map (MRFM).Vincent (35).

Correlated with the damage observed on fretted surfacesis the location of the fretting
nucleated crack. Several researchers have noted a very strong correlation between the fretting
crack nucleation site and the location of the stick-slip boundary (21, 62). Being able to
predict the location of the stick-slip boundary therefore becomes an essential piecein the
structural integrity prediction methodology. While fretting maps can be extremely useful for
predicting stick-dlip boundaries and hence fretting crack nucleation site, we have noted an
extreme reluctance on the part of experimental test laboratories to adopt this technique, as
successful execution of the fretting maps would require some financial investment in
equipment and training. Alternative methods for distinguishing fretting modes are being used
by test laboratories such as Alcoa. Alcoa is measuring scratch marks on fretted surfaces to
attempt to discern damage modes, the idea being that the stick-dlip boundary is often easy to
distinguish once the coupon has been fretted a number of cycles.
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2.2 Task Il: Fretting Fatigue Candidate M odel Development
Two fretting fatigue analytical approaches were identified during Phase | : the Hattori
Model (36-49) and the Crack Analogue Model (50-51). Hattori’s model isfracture

mechanics-based model that adjuststhe Mode | Stress Intensity Factor (SIF) DK, for
fretting conditions. Early versions of Hattori’s model used the Rooke and Jones method

for adjusting DK, with the stressfield (either analytical or finite element derived), while

more recent versions use calculations of DK, directly using the finite element or boundary
element methods. The Crack Analogue Model is also fracture mechanics-based, but differs

from Hattori’s Model by using analytically derived SIFs DK, that use the near
equivalence of stress fields from well-known contact solutions to the stress fields near
crack tipsin certain configurations.

During the literature search (Task I), the large number of fretting fatigue models was pared
down to two fretting fatigue models that were candidates for implementation; the one
developed by Hattori’ s group at Hitachi of Japan (the ‘Hattori Model’, and the one developed
at the Massachusetts Institute of Technology (the ‘ Crack Analogue’ Model). These two
models were selected because they: (1) were fundamentally sound, (2) were fracture
mechanics based, (3) were easy to implement within our current damage tolerance
framework, the Holistic Life Assessment Methodology, and (4) had some success correlating
with experimental data.

2.2.1 Hattori Model

The *Hattori Model’ uses fracture mechanics based principles to calculate Mode | Stress
Intensity Factors (SIFs) K. There are three parts to the Hattori Model (49): 1) stress
singularity method, 2) estimation of threshold SIF Ky,, and 3) fracture mechanics method.
The stress singularity method is used to predict if and when a crack nucleates or ‘initiates .
The threshold estimation procedure is used to adjust the threshold SIF Ky, at stressratio R=0
to other R-ratios. We will not be using either of these first two parts of the method. The stress
singularity method is not needed because the Initial Discontinuity State (IDS) captures the
physics of crack nucleation at constituent particles and their interface with the softer matrix
material, (67)-(69). The threshold estimation procedure is not needed because tabulated crack
growth rate data that varies with R-ratio will be used.

The fracture mechanics method has been applied to two-dimensional systems and will be
used to predict the influence of the contact of the fretting pad against the substrate or coupon.
The fracture mechanics method uses the Rooke and Jones (63) analytical solution for the
influence of a point load (normal and shear) on the calculation of SIF for a crack of length ‘&
located some distance ‘X’ away from the point load application, Figure 7, and extends this
method to account for the variable pressure distributions that result from the contact of two
bodies, Figure 8.

12



Figure 7 Fracture Mechanics Method Uses the Rooke and Jones Stress | ntensity Factor
Solution for Point L oads Effects.
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Figure 8 Fracture M echanics Method Extends the Rooke and Jones Stress I ntensity
Factor Solution to Spatially Varying Amplitude Normal and Shear Tractions.
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The Rooke and Jones Stress Intensity Factor (SIF) solutions for point normal and shear loads
located as indicated in Figure 7 have the following forms:

K, (P) :%(1- x?)0.824+0.0637 - 0.843x* +15.41x * - 5338 * +59.74x® - 2183 °]
pa
D)
K, (Q) :%(1- x ?)1.2043+0.0044x +0.128¢* +10.8% - 22.14x * +10.96x°| (2)
with
X
X = 3
+a 3)

These are generalized to account for variable normal and shear tractions on the surface
located some distance ‘X’ from acrack of length ‘a, Figure 8.

K, (p) = c‘)%(l- x2)0.824 +0.0637 - 0.843«2 +15.41x° - 53,38 * +59.74x° - 21.8%°[dx

pa
(4)
K, (q)= (‘)\/i_(l X 2)[1.2943+0.0044x +0.128x* +10.89x ® - 22.14x * +1O.96x5]dx (5)
pa
The Stress Intensity Factor due to the far field applied stress s  is calculated from
K, (s,)=1.122s ,Jpa (6)

Thetotal Stress Intensity Factor due to the fretting and the far field applied stress is

calculated from a superposition of Equations (4), (5), and (6) to model the mechanical system
shownin Figure 9.

KI(SO’p’q):KI(p)+ Kl(q)+ KI(S o) (7)

Note that all equations have been derived by Hattori for through cracks. Modifications to the
normal and shear contact pressure Stress Intensity Factor Equations (4) and (5) to account for
part-through crack scenarios need to be made.
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“Crack— Coupon

Figure 9 Fracture Mechanics Method Models the Fretting Pad with Normal and Shear
Contact on Fatigued Coupon.

Wear of the fretting pad causes the contact point between the pad and substrate to shift away
fromthe crack. This shift in contact point is accounted for by introducing a crack wear model
of the type postulated by Archard (64):

V=K$ (8)

where: V isthe wear volume, in®
K isthe wear coefficient, irf*1b?
pisthe contact pressure, psi

S isthe relative displacement, in.
H isthe hardness.

Hattori’s model accounts for the inclined orientation of the typical crack nucleated by fretting
fatigue by first computing the uncracked stress state using finite element software, locating
theloci of maximum stress at different depths into the substrate, and using the loci to define
the crack angles in subsequent finite element analyses that compute the Mode | SIFs needed
for the crack propagation analyses.

Though the Hattori model has been tested only with two-dimensional fretting pad and

coupon configurations, the method is a very flexible, fracture mechanics based approach
that should work for fretting with an arbitrary geometry.
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2.2.2 Crack Analogue M odel

The *Crack Analogue’ model was introduced by Giannakopoulos, et a. in 1998 (50) for the
case of arigid flat punch indenting or contacting alarge or semi-infinite substrate. The
approach derives its methodology by recognition that the closed form analytical stress fields
near the corner where a flat punch contacts the substrate, where fretting cracks are known to
nucleate, asymptotically approach the closed form analytical stress fields near the tips of
edge cracks located in infinite flat plates subject to normal and shear point loads located far

field from the crack tips.

P
#Q
P(x) Fretting
V4 0 a ot
Gp or Gapp l G, or capp
- B _ =
B Substrate —_—
- v ¥ R
-_— e
- —_—
-_— e

Figure 10 ‘Crack Analogue’ Model Usesthe Asymptotic Stress Field asthe Pad (or
Punch) Corner is Approached (r ® 0) in the Substrate.

K,
Kn \
: JI contact
\

t-mechanics
\ LEFM /| field

‘W field )/ \

~ -

Figure 11 ‘Crack Analogue’ Model Usesthe Asymptotic Stress Field at the Crack Tip in
a Double-Edge Crack in Semi-infinite Body L oaded by Point Normal and Shear L oads
at Infinity.
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The asymptotic stress fields in the substrate near the corner of the flat punch can be shown to
have the following form (see Figure 10 for nomenclature):

P
S, »- asr® 0 9
Y p2ar )
Q
S. » asr® o0 10
Y py2ar (10)

where: P isthe normal load on the pad, Ibg/in.
Q isthe shear load on the pad, Ibg/in.

a isthe poker half-width, in.
r istheradial distance in the substrate from the corner of pad, in.

The asymptotic stress fields near the two edge crack tipsin an infinite body |loaded with a
normal load P and a shear load Q at infinity can be shown to have the following form (see
Figure 11 for nomenclature):

KI
S . » asr®o 11
Y J2pr (1)
KII
S ., » asr®o (12)
Y N 2pr

where: K, isthe Model | Stress Intensity Factor, psi-in'?2

K, istheMode Il Stress Intensity Factor, psi-in*2
r istheradial distance in the substrate from the crack tip, in.

In the limit as the edge of the punch is approached and the crack tips are approached, the
stress fields are equivalent.

P
K =- — ® 0 13
| paasr (13)
Q
K, =—— ®0 14
I \/p_aasr ( )

These two equations are used to describe the growth of an inclined crack from one of the
edge crack tipsin the infinite body in Figure 12 below. Arbitrarily, the origin of the inclined
crack islocated at the left crack tip in Figure 12.
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Figure 12 ‘Crack Analogue Cracking Scenario Consists of Constant Inclination Crack
Originating at Crack Tip that ‘Kinks or Turns When the Stress I ntensity Factor Due
tothe Far Field StressisLarger than the‘Local’ StressIntensity Factor at Inclined
Crack Tip.

The inclined crack grows entirely under the influence of the fretting at a constant angle f |

that can be derived by setting the ‘local Mode Il stress intensity factor’ k, as described by
Suresh (70), to 0. The local Mode Il stressintensity factor is afunction of the crack slant

angle, and the ‘global’ Mode | and Mode Il SIFs, K, and K, , respectively, which
themselves are functions of the applied normal and shear loads, respectively:

L0
2 oy

k, = K& gs né‘é —+ S ngﬁ 99+ gcosg 02y cosgg (15)
4 e

e 2 gy 4
Theangle f,, isfound rearranging Equations (13)-(15), then using a numerical iteration
technique such as Newton-Raphson and solved apriori for f,, asafunction of the friction
coefficient rr:

-1
®& o8, 0 . o, 006 ab 0 af o _Q
SINC—™ =+ SINC—* T=aC0C— = n = I =m 16
§ nga ng_&ggcaéZﬂ §2 o P (16)

The crack grows under the influence of a‘local stressintensity factor’ Dk, with the following
form:

3 a,.0 . &%, 060
Dkl:+4KII maxgsng in 9 (17)

29 2 oy
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Thelength |, isfound by using the following relation for a doubly-kinked crack (65):

Ky =Ds%p'°F(f 2) (18)
where
F (f ) = Fl (f )%C0§A9+ Coié(p-—zm)@+ 3':2 (f )% nwg+ COSMQ
% e 4 g e 4 29 ? e 4 g e 4 20
(19)
F,(f ) »1.058sin(f )- 0.065sin(3 ) (20)
F,(f ) » 0.374sin(2f ) +0.023sin(4f ) (21)

When the inclined crack reaches |, in length, the Mode | crack opening mechanism due to

the bulk stress Ds ,,, then overtakes that of the fretting, and the crack becomes a vertical

crack growing into the substrate, Figure 12. Crack propagation continues until the specified
failure criterion is met: the net section yields, K¢ isreached, or some other criterion specified
by the analy<t.

This method has been extended to the analogy between the asymptotic stress fields near the
corners of arounded flat punch and the asymptotic stress fields near the tip of a blunt crack
(52).

2.3 Task I11: Development of Fretting Fatigue Test Plan

ThisPhase | Task defined the goals, success criteria, protocol, procedures, testing
standards, and the parameter space (or matrix) of an experimental fretting test program
that will supply the data needed for analytical model development. The resulting data
foundation provides the building block toward subsequent validation and demonstration.

There are four distinct activities that are useful for validating analytical life prediction
methods for our fretting fatigue models: 1) correlation of anaytical methods with
experimental test data, 2) comparison of Stress Intensity Factors (SIFs) computed with finite
element software against the Rooke and Jones methods summarized in Equations (4) and (5)
in Section 2.2.1 above, 3) correlation of finite element method simulations and normal
contact pressures measured with the Fuji film technique, and 4) finite element method
simulations of the complex, three-dimensional states of stressin the Single Rivet Lap Joint
(SRLJ), with special emphasis on friction effects.

The activities of thistask resulted in the description of an experimental test program that will
successfully accomplish the first validation activity described above. The experimental part
of the third validation activity is also described in this section. The second and fourth
validation activities are described in Section 2.4 Task |V Fretting Fatigue M odel
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I ntegration below. The computational part of the third validation activity is aso described in
Section 2.4.

Two types of tests are described in this section: 1) Non-destructive testing (NDT) and 2)
Fretting Fatigue Tests. The NDT experiments serve two purposes: 1) determination of
fretting damage detection levels and 2) validation of normal contact pressures calculated with
finite element methods. NDT is an integral part of any aircraft maintenance program;
therefore, consideration and evaluation of NDT techniques should be concurrent with
predictive technology development to make sure any tool delivered to military and
commercia customers fits within customers’ existing Structural Integrity Programs.

2.3.1 Non-destructive Detection of Fretting

Non-destructive detection of structural damageisa vital part of life cycle maintenance
programs for aircraft—information about the damage state in the existing structureis
needed to evaluate the existing safety in the aircraft and is also needed asinput into life
prediction methods that are used to estimate the remaining service life of the structure.
Currently, the arsenal of common Non-destructive Testing (NDT) techniquesincludes
eddy current, pulsed eddy current, X-ray, and ultrasound. Each technique works better for
specific types of damagein certain structural elements. However, none of these techniques
workswell for detecting fretting and fretting fatigue. Admittedly, detection of fretting and
associated damageis a very difficult task, as fretting occurs on hidden surfacesthat are
most often located at fastened joints (detection of damage at the fastener holeis
particularly challenging). Recently, other NDT techniques such as thermography have
become available that show some promise for reliable detection of the fretting damage.

2.3.1.1 Conventional Non-destructive Testing

As gtated in the Section 2.1.3 of Task | above, there are very few methods for detecting
fretting that have been documented in the open literature. There are two Non-destructive
Testing (NDT) techniques that are promising for detection of fretting in fastener holesin
controlled test situations. Acoustic emission (AE) techniques have been developed to
distinguish between fretting and crack growth, and therefore AE may be useful in a
controlled situation. Sonically-excited thermography may also be able to distinguish between
fastener holes with and without fretting, by exciting further fretting and measure a resulting
localized heating. The methods appear to be most useful, though have limited capability for
distinguishing fretting damage on hidden surfaces.

To determine the capability of different Nondestructive Inspection (NDI) techniques for
detecting fretting, a number of simple lap joints (containing one rivet) will be used. The
simple lap joints should be subjected to cyclic loading and the joint monitored with different
NDI techniques (particularly Thermography). Once NDI detects something, the joints can be
disassembled see what damage is present. The number of cycles would then be increased or
decreased to see the type of damage present. A large number of specimens would be required
to do thiswork but since they are ssmple lap joints, the cost to manufacture the specimens
will berelatively small. With the assistance of fractography, these specimens can also be
used to help determine how fretting pits form, and do constituent particles get pulled and
cause fretting or does an oxide layer build up and then break down?
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2.3.1.2 Fuji Film Tests

Validation of normal contact pressures calculated with finite el ement methods, described in
somewhat more detail in Section 2.4.3 below, will be accomplished with an experimental
study that experimentally measures normal contact tractions between two skins clamped
together with atechnique called the Fuji Film Contact Pressure Method.

A small experimental study previously carried out by NRCC will be described. Fuji pressure
sensitive film was sandwiched between two thin sheets of aluminum, and rivets were
installed to assemble the single riveted lap joint (SRJL) specimens.

Fuji pressure sensitive film is atwo part medium consisting of an A-film and a C-film both
having an active coating placed overtop a polymer substrate. The active surface of the A-film
consists of microscopic bubbles of varying sizes within which are contained a proprietary
liquid. When pressure is applied to the film a number of bubbles burst releasing aliquid that
reacts with chemicalsin the C-film to produce a pink stain. The optical density of the stain
can be directly correlated to the applied pressure. In thisway Fuji pressure sensitive film
enables for both the contact area and contact pressure to be determined. Figure 13 below
shows a schematic of the film:

Cross section of Pressurex? film

Substrate
[palyester film) 4 mils

Microcapsule layer

Transfer Sheet

AiAL.
Y

- Calor developing layer
Developer Sheet Subsatrate

(polyester film’l 4 mils

Figure 13 Fuji Pressure Sensitive Film Is Two-Part Medium.

Table 1 below shows the discrete pressure ranges that are available for the pressure sensitive
film. Fuji film in the low, medium and high pressure ranges was used for the initial
experiments. This allowed for pressure measurements as low as 350 psi (low film) and as
high as 18,500 psi (high film). Three single rivet lap joint (SRLJ) samples were prepared
with only one central rivet. Sheets of pressure sensitive film in the various pressure ranges
were cut to size and inserted between the front and back faces. The samples were then riveted
and the film was allowed to develop for five (5) minutes before disassembly. Drilling out the
rivet with adlightly undersized drill bit allowed for removal of the pressure sensitive film.
The experiment was then repeated sandwiching all three film types together and placing them
between the front and back face of a SRLJ. Figure 14 and Figure 15 show a SRLJ specimen
with the pressure sensitive film sandwiched between the front and back face.
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FILM SPECIFICATIONS
FILM TYPE PRESSURE RANGE
Pressurex Micro 2-20PSl  (.14- 1.4kg/cnt)
UltraLow 28-85PSl (2-6kg/ent)
Super Low 70-350PSl  (5-25kg/cnt)
Low 350- 1,400 PSI (25 - 100 kg/cnf)
Medium 1,400 - 7,100 PSI  ( 100 - 500 kg/cnt)
High 7,100 - 18,500 PSI (/500 - 1300 kg/cnt)

Table 1 Pressure Rangesfor Pressure Sensitive Film.

Figure 14 SRLJ Specimen Top View.

e

Figure 15 SRLJ Side View. Note Pressur e Sensitive Film Sandwiched Between Both
Layers (arrows).
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For theinitial pilot study the goal was simply to verify whether a pressure distribution could
be obtained from a SRLJ specimen and whether the pressure sensitive film would be
damaged upon rivet removal. Figure 16 shows the results of the initial testing.

Figure 16 Individual Results - High, Medium and Low Film (L eft to Right).

Figure 17 shows the results from the test with all three film grades sandwiched in the SRLJ at
the same time:

Figure 17 Sandwich results— High, Medium, and Low Film (L eft to Right).

Although the results of this particular analysis are not calibrated, some interesting
information can certainly be ascertained. Although the low pressure film (Figure 17 right)
appears to be over-exposed, it does give us the best idea of what the actual contact areais.
Low pressure film does not respond below 350 psi, therefore an even lower grade could be
used to determine contact pressures/areas below this threshold. The medium pressure film
(Figure 17 center) provides the least information, since it is oversaturated and only provides
contact area/pressure information in the range from 1400-7100 psi. Of interest is the fact that
the basic shape of the contact patch remains generally unchanged in all three images. The
high pressure film (Figure 17 left) can provide the best estimate of contact pressure. Since the
filmis not overexposed the pressure must be somewhere in the range from 7100 — 18,500 psi.
Given the intensity of the red, arough approximation would put the pressure half way
between the upper and lower limit, approximately 13,000 psi. Once the film has been
calibrated, pressures at intervals of 0.5 MPaor less can be calculated with much greater
certainty. Accurate measurements of the contact area could be made as well. The results from
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the single film tests show similar results. The stain pattern is more circumferentially uniform
suggesting that the rivet placement was more accurate. Both the low and medium films are
over-exposed, while the high film shows an intermediate red intensity. This NRCC study
demonstrated the feasibility of using pressure sensitive film to measure the load distribution
between the front and back sheet.

Additional work is necessary in order to provide more quantitative results for the pressure
distributions. Initially, ten (10) joints with only one rivet installed (the SRLJ) will be used to
test the ability of the Fuji film to measure contact pressure. Controlled force riveting will be
used to assemble the SRL Js after insertion of the Fuji pressure film. Riveting force levels will
be varied to establish the relationship between the riveting force and the contact pressure.

To improve interpretation of the Fuji film indications, a careful calibration of the film and its
colors will be conducted. The calibration procedure for pressure sensitive film involves
placing the film in a punch and creating stains at various load levels. By measuring the
diameter of the punch and by recording the maximum load leve, it is possible to calculate
the applied pressure. When the individual stains are then digitized it is possible to correlate
image intensity to applied pressure. After each stain is developed a CCD camera can be used
to capture the image. Each image can be trandlated into grayscale and the contact area as well
as the pressure distribution can be determined using image processing software.
Experimentally measured residual stress fields obtained in a previously completed NRCC
study must be used to relate the rivet load to the contact pressure in the SRLJ.

If time and funding permits, additional tests could be conducted using a Multiple Rivet Lap
Joint (MRLJ) with three rows of fiverivets as seen below in Figure 18. Again,
experimentally measured residual stress fields such as those from a previously completed
study must be used to relate the rivet load to the contact pressure to the residual stress present
in this complex MRLJ.

Figure 18 Fifteen-Rivet Lap Joint to Be Tested.
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2.3.1.3NDT Testsin Lap Joints

The sensitivity of the various NDT techniques toward levels of fretting on hidden surfaces
will be tested. About 10 test specimens will be cycled while being monitored with
thermography. In sequence, specimens to be removed from test upon unusual thermographic
indication, or upon reaching a milestone number of cycles, whichever comesfirst. Each
subsequent specimen shall be carried over beyond the removal criteria of the previous
specimen. Each specimen shall then be inspected using vibro-thermography, pulsed eddy
current and immersion UT leaky wave and other techniques prior to disassembly. In addition,
the specimen will be inspected by X-ray to determine its ability to detect fretting debris prior
to teardown. Optical analysis of fretting, or other damage to be correlated to the NDI results.

2.3.2 Fretting Fatigue Test Program
An extensive experimental test program that will be used to validate and verify the
analytical life prediction approachesis described.

Research in fretting fatigue has revealed many important parameters that influence fatigue
performance, in no particular order:

Materials Temperature
Bulk stress Notch effects
Normal contact stress Slip amplitude
Contact shear stress Chemical environment
Friction coefficient Surface treatment
Poker displacement in bulk stress direction Frequency

Poker geometry (length, corner radius, etc.)

A complete test matrix that evaluates all of these parameters is monumental, from both an
engineering and financia perspective. Therefore, for the first priorities, we have focused on
parameters that are most prevalent in external aircraft structure, particularly riveted aircraft
lap joints. Riveted joints are prime fretting fatigue candidates because of extensive areas of
contact between fasteners and the bores of fastener holes, and between faying surfaces of the
joint. A building block approach was used to define the test matrix in this Task, Figure 19.
The building block approach introduces important parameters in a controlled fashion before
moving on to the complexities of atrue joint. Coupon tests, at the bottom of the pyramid, are
conducted to determine basic material properties, normally using standard coupon designs.
Element tests, using nonstandard coupons, introduce new variables that more closely
represent the target aircraft structure. Typical Configuration tests involve more complex
structural details than element tests (such as a ‘representative lap joint’). Sub-components are
tests of substructures that are actual aircraft structure. Full-Scale tests examine fatigue in full-
scale, production structure.
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Figure 19 Building Block Approach Requires Validation of Analytical Methods with
Simple Coupon Testsfirst, Then Element/Geometric Tests, etc.

The overall objective of the test program is to secure fretting fatigue data that can be used to
correlate with the analytical life prediction models for fretting fatigue configurations that are
representative of aircraft structure. For instance, fretting degradation is strongly dependent on
the material types of the fretted structures. The fretted structures in aircraft typicaly are
aluminum, either 2000 or 7000 series; therefore tests with 2000 or 7000 series aluminum
alloysthat are representative of typical aircraft construction materials are defined. One major
goal of the test program isto be able predict, via understanding the stress state, the likelihood
of the presence of a stick-dlip interface and its location.

A multi-tiered, building block approach is proposed. Key elements of the test program, in
increasing levels of complexity, are:

Baseline, low Kt fatigue experiments (no fretting)

Fretting fatigue, low Kt experiments

Fretting fatigue, high Kt experiments

Pressure contact measurement riveted joint, Fuji pressure-sensitive film
Fretting fatigue, smple element test (single rivet lap joint-SRLJ)
Fretting fatigue, complex element test (multi-rivet lap joint-MRLJ)
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The test matrix is summarized in Table 2 below, in which the test types and the test goals are
briefly stated. Each test will be briefly described below.

Test Test Goal
IDS Baseline Characterization of Material
Low Kt Fretting Fatigue Behavior in Low Kt Coupons
High Kt Fretting Fatigue Behavior in High Kt Coupons
Single Rivet Lap Joints Simple element test
Multiple Rivet Lap Joints Complex element test

Table 2 Proposed Test Matrix

2.3.2.11DS Characterization of Material (Baseline fatigue)

It isimportant to establish baseline fatigue behavior in the test materials at the test stresses.
Coupon design is asimple dog bone with nominal K= 1 (the term ‘low K, will be used
hereafter to describe similar coupons) and test procedures will follow ASTM Standard E466
for Constant Amplitude Fatigue Testing for Aluminum Alloys. The test material will be
0.063 inch bare 2024-T3 aluminum, a common lap joint material for aging transport aircraft
in both commercia and military service.

A total of 18 coupons are required for this sub-series, six at each of two stress levels and
three each at two stress levels, Table 3. Run-out, or test termination barring fracture, will be
capped at 5,000,000 cycles, and this may be approached for the 30 ksi coupons in particular.
When fretting is introduced in the next sub-series, liveswill decrease substantially. The tests
will be monitored for cyclesto failure (Ny), and if fracture occurs, the initial discontinuity
state (IDS—maost often a second phase particle in this type of material) will be measured.
The location of the crack origin will also be carefully documented.

The only variable in these tests is the max alternating fatigue stress applied, 30 and 40 ksi.
All tests will be conducted at 10 Hz in laboratory air of no more than 40% RH and 75 °F.

Material StressLevel Stress Replicates Measured
(max ki) Ratio Parameters
2024-T3 30 0.02 6 N;, IDS
2024-T3 35 0.02 3 N;, IDS
2024-T3 40 0.02 6 Ns, IDS
2024-T3 45 0.02 3 Ns, IDS
Total 18
Coupons

Table3 Test Matrix for Baseline Fatigue Behavior.
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2.3.2.2 Fretting Fatigue Behavior in Low Kt Coupons

In this sub-series of tests, a number of variables will be investigated to determine their
influence on the fretting fatigue behavior of AA 2024-T3. Two sets of testswill be
performed: 1) ‘bench’ or pilot tests to improve future fretting tests and 2)’ main’ tests that
will fulfill prediction model data needs.

Coupon geometry and certain test conditions (testing frequency, R, environment) will be
identical to the baseline coupons with added requirement that aflat or cylindrical fretting pad
be in contact with the center of the gauge section to set up fretting conditions. Normal load
will controlled with using a bolt threaded into aload cell. In thisway, normal load can be
consistently adjusted for each test, and any fluctuation of the normal load can also be
monitored.

a) Bench Test Matrix

The effects of wear and tangential load will be investigated in areduced ‘bench’ or pilot test
matrix, Table 4. Wear effects will be investigated by a small investigation of the researchin
thefield in this area, querying experts for their field experience, and conducting a small pilot
study with replicates shown in Table 4 below. In the wear study, fretting pads will be
changed frequently at specified intervals and fretting pads sectioned to measure the worn
fretting pad contours.

Tangential load effects will be studied with asmall pilot study that will use two different
surface roughness, an ‘average’ or nominal surface roughness and a ‘highly polished’ surface
roughness, on the fretting pads. (Note a consistency between conditions with Table 5 tests.)

Material Stress Stress Punch Normal Wear Tangential
Level Ratio Geometry | Pressure |  Study Load
(max (ps) Study
ks)
2024-T3 30 0.02 Cyl 8000 2 2
2024-T3 30 0.02 Flat 8000 2 2
2024-T3 40 0.02 Cyl 13000 2 2
2024-T3 40 0.02 Flat 13000 2 2
Total 8 8
Coupons

Table4 Bench Test matrix for Low Kt fretting fatigue.

b) Main Test Matrix

After completion of the Bench Test Matrix, the main test matrix will be completed. The Main
Test Matrix is designed to capture prediction model data needs for low Kt structures.
Characterization of fretting fatigue damage is a complex issue and requires that a number of
parameters be measured. For instance, it will be necessary to interrupt the tests and
characterize the surface damage before progressing in some cases. The proposed fretting
matrix is shown below in Table 5.
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Test variablesinclude:

Normal Pressure

Alternating Fatigue Stress
Contact Pad (Punch) Geometry
Cycles to Interrupt

The alternating fatigue stresses are the same as the baseline stresses.

Normal pressures have been picked to ssmulate contact pressuresin alap joint as estimated
from the Fuji film contact pressure study references elsewherein this report. A normal
pressure of 13,000 psi is sought for one level. A lesser level of 8,000 psi will also be used as
a comparison point. Contact pressure cannot be made too high, or contact will bein astick
condition only, which will not produce fretting fatigue.

The contact pads will be made in two geometries, flat contact and cylindrical contact. This
provides two geometries and contact stress types for use in model development and data
correlation in later tasks. Note: The first conditions tested will be cyclesto failure (i.e., no
interruption) at the different stresses. If no appreciable difference is detected between pad
geometries, then one can be eliminated for the interrupted test matrices, thereby considerably
shrinking the overall test matrix. All the tests to failure will be monitored for visible
cracking, or other non-destruction examination, and then the damage measurements made.
Post-failure analyses and examinations will be performed on al specimens.

Some of the tests will be interrupted prior to failure and the damage will be thoroughly
characterized. The surface will be scrutinized for cracks and morphology of the fretting scars
will be determined and location of the stick/dlip interface. Correlations will be sought
between the location of this interface and the location of the primary crack. Crack nucleating
discontinuities will be examined using fractographic technigues on post-fracture surfaces.

If cracks are detected, two of the coupons will be broken open, and two will be
metallographically sectioned to reveal crack profile, and two will be subjected to afracture
surface marking sequence and then tested to failure or run-out with normal load removed.

For the coupons that are polished to reveal the crack profile, thiswill make it possible to get
very accurate crack angles as a function of depth (thisisimportant for use in stress intensity
calculations and for model verification).

Responses to be measured include:

Cyclesto failure (where applicable)

Location of stick/dip interface

Location of cracking relative to that interface

Slip amplitude (determined by measuring fretting scars on the surface)
Fractographic features (transition depths of dant to normal fracture, crack origins)
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Material Stress Stress Punch Normal | Replicates| Interrupt

L evel Ratio Geometry | Pressure L evel

(max (psi)

ks)
2024-T3 30 0.02 Cyl 8000 6 Nf
2024-T3 30 0.02 Cyl 8000 6 50%
2024-T3 30 0.02 Cyl 8000 6 25%
2024-T3 30 0.02 Cyl 8000 6 10%
2024-T3 30 0.02 Flat 8000 6 Nf
2024-T3 30 0.02 Flat 8000 6 50%
2024-T3 30 0.02 Flat 8000 6 25%
2024-T3 30 0.02 Flat 8000 6 10%
2024-T3 40 0.02 Cyl 13000 6 Nf
2024-T3 40 0.02 Cyl 13000 6 50%
2024-T3 40 0.02 Cyl 13000 6 25%
2024-T3 40 0.02 Cyl 13000 6 10%
2024-T3 40 0.02 Flat 13000 6 Nf
2024-T3 40 0.02 Flat 13000 6 50%
2024-T3 40 0.02 Flat 13000 6 25%
2024-T3 40 0.02 Flat 13000 6 10%

Total 96
Coupons

Table5 Test matrix for Low Kt fretting fatigue. Note: it may be possible to eliminate
one of the punch geometries. If so, the test matrix could be reduced from 96 to 60
coupons by eliminating the second punch geometry for all of the interrupted tests.

Decision point will be based on statistical differencein Ns tests between punch
geometries.
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2.3.2.3 Fretting Fatigue Behavior in High Kt Coupons

Aswe move into more complex coupons, the number of variables can be reduced. For this
sub-series of tasks, the goal isto predict (using information from the low Kt experimerts) the
locations where coupons will fail when fretting contact stresses interact with the more
complex stress field associated with a hole. Coupon geometry will be a 2 inch wide, bare
2024-T3 sheet, 0.063 inch thick, with asingle 3/16 inch diameter straight-through hole.

The High Kt test coupon is schematically shown in Figure 20, and will use coupon and
fretting pad designs as indicated. Most fretting tests documented in the literature use aflat or
cylindrical pad fretting ona K;=1 (no notch or hole), therefore these element tests will
accomplish two goals: 1) fretting at a hole, representative of aholein alap joint and 2)
fretting with alternative fretting pad geometries. The analytical methods of Sections2.3.2.1
and 2.3.2.2 will be correlated with these results, to determine if the finite element calculated
stresses can be used to successfully correlate fretting at holes.

Side view of contact pads

Bottom view of contact pads

mE

Shaded regions denote areas of contact
for different pad configurations.

Figure 20 Hole Configuration to Be Tested. Two Geometries of Fretting Pads Will Be
Tested, and Will Be Similar to Those Shown Schematically.

For this experimental series, the test variables are:
Alternating Fatigue Stress
Normal Pressure Level
Area of Fretting Pad Contact Relative to Hole Location

The stressratios, test frequency, and environment are all the same asin the low Kt matrices.
The alternating stress levels will be adjusted based on the Kt of the hole, which will be
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determined by finite elements. For now, assuming a Kt of 3.2, the two alternating fatigue
stresses (remote) would be 9.375 ksi and 12.5 ksi.

The normal pressure levels would be the same as used for the low Kt fretting fatigue tests.

The size of the contact pad will be variable, one large and one small, as shown in Figure x.
Thiswill change the location of the maximum stress interaction between Kt of the hole and
fretting contact. Analytical tools will be exercised in a attempt to not only predict cyclesto
failure, but to predict location of failure, too. Table 6 showsthe Hi Kt fretting fatigue matrix.

Response parameters to be measured will be cyclesto visual crack detection (VCD) and
location of the failure. Fractography and metallography will be used to study and record
crack nucleation sites, surface damage, and crack morphologies. The specimen will not be
allowed to completely fracture, as all the extra crack growth produces detrimental damage to
the fracture face while adding few additional cyclesto the fatigue test.

Material Stress Stress Punch Normal | Replicates| Interrupt
L evel Ratio Geometry | Pressure L evel
(max (psi)
ks)
2024-T3 30 0.02 Large 8000 4 Visual Crack
Detection
(VCD)
2024-T3 40 0.02 Large 8000 4 VCD
2024-T3 40 0.02 Small 8000 4 VCD
2024-T3 30 0.02 Large 13000 4 VCD
2024-T3 40 0.02 Large 13000 4 VCD
2024-T3 40 0.02 Small 13000 4 VCD
Total 24
Coupons

Table6 High Kt Test Matrix for Fretting Fatigue

2.3.2.4 Single Rivet Lap Joint (SRLJ) Fatigue Tests

To raise the level of realism, complex coupon tests will be followed by simple el ement tests
in the form of asinglerivet lap joint, Figure 14. Fretting damage will now be generated by
faying surface contact in the joint rather than by afretting pad. Rivet squeeze force (or
fastener torque) will be carefully controlled to simulate contact pressures in the fretting pad
experiments. Two different squeeze forces will be used, along with two different alternating
stresses. Protruding head rivets/fasteners are recommended; the additional complexity
introduced by countersunk holesis avoided, and fretting will then be significant only at the
faying surfaces or between the head/tail and sheet. Measured responses will be cyclesto
visual crack detection and failure locations. It is desirable to stop the test upon crack
detection, as continued growth will only damage the fracture surfaces and will do little to
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further illustrate life prediction capability. Most of the life will aready have been consumed
by the time afaying crack becomes a through crack.

Analytical methods of the HLPM will be used to predict the fatigue life (to break through)

and failure locations. Fractography will be conducted to thoroughly document the fracture
behavior.

A simpletest matrix followsin Table 7. Note if the test matrix as specified in Table 5 above
can be reduced based upon the findings in test results, the matrix in Table 7 will be increased.

Material Stress Stress Squeeze | Replicates| Interrupt
Level Ratio Force L evel
(max (Ibs)
ks)
2024-T3 9.375 0.02 Variable 4 Visual crack
detection
(VCD)
2024-T3 9.375 0.02 Variable 4 VCD
2024-T3 12.5 0.02 Variable 4 VCD
2024-T3 12.5 0.02 Variable 4 VCD
Total 16
Coupons

Table7 Test Matrix for Single Rivet Lap Joint Experiments.

2.3.2.5 Multiple Rivet Lap Joint (MRLJ) Fatigue Tests

The above sections describe the minimum elements needed in afundamental test plan to
address prediction model needs. Validation and verification to expand the applications would
continue to build on the testing building block approach of Figure 19. For instance, additional
complexity can be introduced by testing the multiple rivet lap joint (MRLJ) configuration
shownin Figure 18. The MRL Js can be tested using the same procedures outlined the in
SRLJtestsin Section 2.3.2.4 above. The MRLJ configuration allows many more possibilities
than the SRLJ. For instance, more variations on magnitude and location of various squeeze
force levels can be made: (1) al the fastenersinstalled with the same squeeze force, (2) top
and bottom rows installed with high squeeze force, and middle row installed with low
squeeze force, (3) top and bottom rows installed with low squeeze force, and middle row
installed with high squeeze force, (4) top and middle rows installed with high (or low)
squeeze force, and bottom row installed with low (or high) squeeze force, (5) top row
installed with high (or low) squeeze force, and middle and bottom rows installed with low (or
high) squeeze force. Variations by column can be introduced aswell. The level and extend
of follow-on test programs should be based upon the structural application of concern and
utilize the advances made in the assessment methods to determine the sensitive parameters
that should be pursued.
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24 Task IV: Fretting Fatigue Model I ntegration

One of the principal goals of thisPhase | project was to demonstrate that the one or two
candidate fretting fatigue analytical approaches that were identified early in Phase | could
be integrated into an existing structural integrity framework, thereby demonstrating
feasibility of our approach. The existing structural integrity framework, the Holistic Life
Prediction Methodology, has previously been documented in open literature (72) and
described in Section 1.2 above. Thisframework allows introduction of many degradation
mechanismsinto structural life predictions; including, our Phase| efforts have shown,
fretting damage mechanisms. For Phase |, only the Hattori fracture mechanics based
model was integrated into the framework, and correlated with test data described by
Hoeppner and Goss (66). Any integration must be validated; therefore a technology
development plan to validate methods s described.

This section summarizes investigations into two major thrusts of technology development:
integration and validation. Integration of the analytical methods into an existing structural
integrity framework is needed to facilitate transition of technology to the potential users.
Also described is atechnology development plan to validate methods with a four-pronged
approach: 1) correlation of analytical methods with experimental test data, 2) comparison of
Stress Intensity Factors (SIFs) computed with finite element software against the Rooke and
Jones methods summarized in Equations (4) and (5) in Section 2.2.1 above, 3) correlation of
finite element method simulations and normal contact pressures measured with the Fuji film
technique, and 4) finite element method simulations of the complex, three-dimensional states
of stressin the Single Rivet Lap Joint (SRLJ), with special emphasis on friction effects.
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2.4.1 Correlation

Correlation of the analytical methods with experimental datais essential to validation of the
methods. This section describes a preliminary correlation of the Hattori analytical model as
integrated with the Holistic Life Prediction Methodology with experimental test data.

As an example of the first validation activity, the Hattori closed-form solution that was
implemented into the Holistic Life Prediction Methodology (the software that implements
this methodology is called ‘ECLIPSE’) was exercised in an attempt to determine the model
robustness. Contact pressure simulations for two types of loading have been incorporated
into the ECLIPSE code. The graphical user interface (GUI) for the flat punch contact loading
caseisshown in Figure 21.
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crack model You MUST uzse the button at night to set AFGROW
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Figure 21 Flat Punch Model in ECLIPSE Implements Hattori’s Model and Can be
Easily Extended to Incor porate ‘Crack Analogue'.

The fretting equations for K, asafunction of contact normal and tangential tractions have
been directly combined with the internally computed K, for this specific punch geometry.

The input parameters include the punch width and the dynamic friction coefficient, the | atter
determining the percent contribution of the tangential traction (normal to the p(x) function
shown). Asthisisthe flat punch case, the stick-dip boundary is assumed to begin at the
punch corner. The coefficient of friction (m) is simply a multiplier on the normal force,
representing the fact that the force Q is equal to mi*P. The shear function distribution g(x) is
also modeled as being equal to m* p(x).
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The holistic framework isideal for quantifying the contributions of fretting, fatigue, and
other mechanisms of material damage in an integrated scheme that considers possible
interactions. By using numerical integration and sufficiently small time steps, the effects of
fretting on fatigue crack nucleation are captured as well as the effects of cyclic crack

nucl eation/growth on the fretting component of the discontinuity state progression.

Figure 22 shows an example of holistic, time-based inputs to the fretting fatigue model. The
holistic framework gves the analyst the power to represent time-dependent fretting load
changes as displayed in Figure 22 (fretting load applied for 10 years (2000 fatigue cycles)
then no fretting load applied after that.
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Figure 22 Time-Dependent Fretting Inputsto ECLIPSE.

Results of the implementation of the Hattori model into ECLIPSE are captured by traditional
crack growth ‘avs. N’ curves. Figure 23 shows the ECLIPSE result of an analysiswith
fatigue loads and fretting loads. The last column of Figure 23 displays the contribution of the
fretting load to the total stressintensity at the current time step, Fretting K / (Fretting K +
Cyclic Fatigue K).
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Figure 23 ECLIPSE Output Including Fretting Contribution to Holistic Analysis.

The 7075-T6 pristine and fretting stress-life data were extracted from a Naval Research
report by Hoeppner and Goss (66). The maximum applied stress in the fretted coupon was
varied from 15 to 60 ksi, stress ratio was fixed to R=1.0. The normal stress averaged over the
fretting pad was 3 ksi. The average frictional (shear) stress on the fretting pad was not
recorded. The fretted coupons were 0.05” thick. While some coupons were tested with
“partia fretting”, that is, the fretting pad was present for a percentage of overall test coupon
life, the correlations here examine only the ‘fully fretted’ coupons, that is, coupons that were
fretted from the initial cycleto fina cycle of life. Several assumptions had to be made to
apply this fretting model to this specific data set, the details of which are documented below.
Due to the extreme uncertainties of crack growth datain the ‘short crack’ regime (considered
here as da/dN less than 1e-8 inches/cycle), two material models were used in an attempt to
see the effect on the fretting model correlation. The first material model (model A) was a
data set that had been previously used for other 7075-T6 fatigue test correlations. Model A
has short crack behavior built-in, though the crack growth rates are not as fast as the short
crack da/dN rates that emerged for 2024-T3 during AGARD roundtable experimentsin the
1980's. The correlation of this fretting data using Model A is shown in Figure 24 below. In
light of the AGARD work and the unavailability of short crack datafor 7075-T6, an alternate
material model (designated as model B) was aso examined in hopes that one of the two
models would provide better correlation, Figure 25. Model A has moderate short-crack
behavior, model B has the same long-crack growth rates as model A but much faster, or
severe, short-crack growth rates than Model A. Note that the IDS was calibrated separately
for each material Model by tuning to the pristine data points in Figure 24 and Figure 25.

For the correlation method presented in this report, several assumptions were made in order
to perform the correlation.
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A part-through surface crack EIFS value (a=c, c=1/2 of the surface crack length) that
best fit the pristine test specimen curve was calculated for each material model, A and
B, in order to tune the model to the pristine specimen results. The EIFS value was
calculated by averaging the EIFS for al the pristine data points. The EIFS for Model
A was 0.0015 inch, the EIFS for Model B was 0.0010 inch. These two EIFS values
were used during the calculation of the fretting predictions for meterial models A and
B.

The fretting pad used in the experiment was a square pad that applied normal pressure
in the middle of the coupon faces. However, the known solution for a flat pad
assumes that the flat pad extends all the way across the width of the test specimen.
Assumption: the square pad behaves identically to the flat pad. In reality, the square
pad is probably more severe than the flat pad due to the effects of the pad corners.

The known flat pad solution is intended for use on through cracks only. The find
correlation documented in the Phase 1 final report utilized part-through cracks.
Assumption: part-through cracks are affected by fretting amplifications identically to
through cracks.

The ECLIPSE code was modified such that the fretting stressintensity amplification
would be applied to both the aand ¢ dimensions of the part-through crack. This was
done by calculating the fretting K using the flat pad-through crack method, assuming
that a=c, then computing an equivalent beta correction factor that would produce the
proper deltain the stress intensity that is due to the fretting contribution. This beta
correction factor was applied to both the a and the ¢ dimensions of the part-through
crack. This calculation was performed at each ECLIPSE time/cyclic step increment
(integration interval).

A dynamic friction coefficient of zero was used during the correlation, so that no
shearing effects on the solution were considered. The shearing force term in the
closed-form flat pad model alternates sign depending on whether the specimen is
being loaded or unloaded during the fatigue cycle, so the assumption is that the
shearing forces that contribute to fretting will cancel out (i.e. shearing forces are
detrimental to fatigue life during the loading portion of the load cycle, and beneficial
during the unloading portion).

In summary, Model A appears to pick up the threshold behavior of the pristine specimens
better, where as Model B correlates the low stress fretting data better. The results of these
correlations indicate that a modification to the closed-from Hattori model may be necessary
to produce fretting life degradations that will be more robust across al of the stress levels
shown in Figure 24 and Figure 25.

2.4.2 Validation of Rooke and Jones M ethods

Finite element method software will be used to determine the accuracy of the Stress Intensity
Factors that are computed using the Rooke and Jones methods summarized in Equations (4)
and (5) in Section 2.2.1 above. Briefly, the Rooke and Jones methods use estimates of the
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normal and shear contact tractions caused by the fretting of the test coupon and the fretting
pad to calculate Model | Stress Intensity Factors (SIFs), K, for an edge crack perpendicular to
the surface that the fretting pad contacts. The p-version finite element method software
StressCheck® (ESRD, Inc., St. Louis, Missouri) will be used to validate the Rooke and Jones
methods for two contact geometries: flat pad and cylindrical pad contacting Ki=1 test
coupons. Normal and shear contact tractions, fretting pad width, crack length, and test
coupon width will be varied. A representative flat pad mesh is shown in Figure 26 below.

2.4.3 Validation of Normal Contact Pressure Simulations

Redlistic ssimulations of the normal and shear contact tractions with the finite element method
are difficult even for simple fretting pad-coupon geometry. In addition, accuracy and
reliability in the finite element simulations are challenging because of the nonlinearitiesin
the contact problem. The Fuji film method described in Section 2.3.1.2 above can be quite
useful in thisregard. Recall that Fuji film method uses color contoursin film inserted in
between two contact bodies to measure the normal contact pressure. The finite element
method software Marc (M SC Software Corp., Redwood, California), which has specialized
nonlinear and contact mechanics capabilities, will be used to simulate the contact of two thin
plates that have been riveted together with aforce controlled rivet machine. Rivet force and
plate thickness will be varied in the experiments and the finite element simulations.

2.4.4 Single Rivet Lap Joint (SRLJ) Simulations

These simulations are not ‘validations' in the usual sense: there simply is no known method
to accurately measure the complex, three-dimensional states of stressin the Single Rivet Lap
Joint (SRLJ). Nevertheless, finite element method simulations of the stressesin SRLJwill be
attempted, with special emphasis on frictional effects. The goal of thisanalysisisto gain
insight into the complex states of stressin lap joints and use thisinsight to improve the
analytical correlations with the SRLJ fatigue test results.

39



70 =

Material Model A - O Pristine Test
60 Moderate Short- Data - no fretting
Crack Behavior
@ . ¢ Fretted 100%
e >0 MR Test Data
4 N B
= 40 & ¢ = o
@ — Pristine
o . Postdiction
B 30 * o
<
* — Fretting
20 * Predictions -
-— Closed-Form
Hattori
10 . : : . :
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

Life (Cycles)

Figure 24 Hattori Closed-Form Fretting Model Behavior, Material Model A.

70 = .
- Material Model B - O Pristine Test
Severe Short- Data - no fretting
60 1 Crack Behavior | |
2 R \ * Fretted 100%
g e Test Data
3
o " — Pristine
3 Postdiction
Q.30
<
= 'Fretting
20 Predictions -
o Closed-Form
Hattori
10 . . . . :

1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08
Life (Cycles)
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3.0 CONCLUSIONS
In summary, research documented in this report indicates:

- Thetwo candidate analytical prediction methods (Hattori Method and Crack
Analogue) are mature enough to allow introduction of fretting fatigue into an existing
structural integrity framework; one of the candidate analytical predictive models, the
Hattori Model, has been integrated into an existing structural integrity framework
(and assessment analytical tool).

The analytical results correlated with experimental data trends of fretting fatigue life
of simple coupons. While correlation results so far have not been perfect or even
good, the correlation described in this report is neverthel ess encouraging as they
indicate the simulation of the predominant effects of the fretting test results. Given
that the Crack Analogue approach is fracture mechanics-based, similar to the Hattori
Model, there should be little trouble integrating the Crack Analogue method into the
same life prediction methodology used with the Hattori Model. In addition,

A demonstrated assessment analytical tool, ECLIPSE, readily engulfs both of the
concepts. The continued building and expansion of the models as supplemented by
empirical data enable the benefits of being able to assess the fretting effects on fatigue
to be applied to meet structural mai ntenance objectives.
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